The static dielectric properties of dense ionic fluids, e.g., room temperature ionic liquids (RTILs) and inorganic fused salts, are investigated on different length scales by means of grandcanonical Monte Carlo simulations. A generally applicable scheme is developed which allows one to approximately decompose the electric susceptibility of dense ionic fluids into the orientation and the distortion polarization contribution. It is shown that at long range the well-known plasma-like perfect screening behavior occurs, which corresponds to a diverging distortion susceptibility, whereas at short range orientation polarization dominates, which coincides with that of a dipolar fluid of attached cation-anion pairs. This observation suggests that the recently debated interpretation of RTILs as dilute electrolyte solutions might not be simply a yes-no-question but it might depend on the considered length scale.
I. INTRODUCTION
Room-temperature ionic liquids (RTILs) have become an extensively investigated topic in recent years. RTILs are salts with melting points at about room temperature, in contrast to inorganic salts such as NaCl with a melting point of 1081 K [1] . The first report of an RTIL is dated to 1914, when the compound ethylammonium nitrate with a melting temperature of 285 K was synthesized [2] . Since the 1990s interest in RTILs has grown greatly due to the discovery of a huge number of air-and water-stable compounds (see, e.g., Ref. [3] and the references therein).
Besides the strikingly low melting point, RTILs exhibit a number of remarkable general, i.e., materialindependent, physical properties such as an extremely low vapour pressure [4, 5] and a high viscosity at ambient temperature -the lowest viscosity of RTILs at 298 K observed by now, 21 cP for [C 2 mim][N(CN) 2 ] [6] , is more than twenty times that of water. All these properties are related to the combination of strong electrostatic and highly anisotropic steric forces.
An interesting feature of the RTILs for applications is the high sensitivity of some physical properties on the choice of the cation and the anion. 6 ] even though these RTILs differ only in the size of the (spherical) anions [7] . Therefore exploration of RTILs on the molecular level is crucial, in order to being able to "design" salts with prescribed properties. Computer simulations are frequently used as a tool, but the challenge is to find an adequate description of the interaction potentials. Such interaction potentials are complicated and depend upon many parameters (e.g., bond, angle and torsion parameters as well as van der Waals terms [8] ). However, the aim of the present work is not * zarubin@is.mpg.de † bier@is.mpg.de to model a specific RTIL with all its peculiarities but to investigate ionic fluids, i.e., RTILs and fused salts, from a general point of view which considers them mostly as fluids being composed of ions at high densities. Hence, since general features are expected to occur in all systems, one can focus on the simple system of equally-sized charged hard spheres, which is commonly called the restricted primitive model (RPM). As RTILs are used as solvents in chemical studies, their polarity is one of the most important characteristics because it describes the global solvation capability of the solvent. In order to interpret AFM measurements, it has been proposed recently [9] to view pure ionic liquids as dilute electrolyte solutions with a few mobile ions in an effective solvent made of temporarily paired ions. Whereas these AFM data have been doubted [10, 11] , the interpretation of RTILs as dilute electrolyte solutions has attracted some interest [12] . For non-conducting fluids the static dielectric constant ε is well defined and precisely measurable (see, e.g., Ref. [13, 14] ). However, conducting fluids, such as ionic fluids, are well-known to perfectly screen external charges at long ranges [15, 16] so that the corresponding static dielectric constant is infinitely large. On the other hand, it is also well-known that cations and anions form a characteristic alternating pair structure at short ranges [15, 16] , which, when considering neighboring cation-anion pairs, is analogous to the charge separation inside dipolar molecules. Therefore, it appears that the dielectric properties of dense ionic fluids depend on the length scale.
In the present work the analysis is based on the response of bulk ionic fluids to a static nonuniform electric field which spatially varies on a particular length scale. It has to be stressed that here the focus is on nonuniform static electric fields, the response onto which is described in terms of the wavenumber-dependent dielectric function ε(k), whereas numerous experimental studies consider uniform time-dependent fields, which give rise to the frequency-dependent dielectric function ε(ω) (see, e.g., [17] [18] [19] [20] ). Both quantities, ε(k) and ε(ω), are not eas-ily related because the former describes the equilibrium structure whereas the latter quantifies the dynamics in uniform electric fields.
The dielectric properties of a substance can be interpreted in terms of two well-known mechanisms [21] : Orientation polarization refers to the rotation of dipolar moments upon keeping the magnitude constant, whereas distortion polarization describes the change of magnitude of dipolar moments at constant orientations. The according orientation susceptibility χ ori (k) and distortion susceptibility χ dis (k) both contribute to the total electric susceptibility χ(k) = ε(k) − 1 = χ ori (k) + χ dis (k). However, in order to infer the dominant polarization mechanism as a function of the wave number k, one has to somehow determine the decomposition of the observable χ(k) = ε(k) − 1 into the orientation and the distortion contribution. Perfect screening in ionic fluids and the according divergence χ(k) → ∞ in the limit k → 0 [15, 16] corresponds to a dominating distortion polarization in the long-wavelength limit. This long-range behavior of ionic fluids is in sharp contrast to that of dipolar fluids, whose electric susceptibility χ(k) attains a finite limit χ(0) as k → 0.
In order to achieve the decomposition of the electric susceptibility χ(k) of an ionic fluid into the orientation and the distortion susceptibility χ ori (k) and χ dis (k), respectively, the following approach is proposed: In addition to determine the electric susceptibility χ(k) of the ionic fluid composed of cations and anions, a corresponding dipolar fluid is considered whose particles are overall charge-neutral dumbbells formed by gluing together pairs of cations and anions of the ionic fluid. This dipolar fluid does not exhibit distortion polarization, i.e., χ dis (k) = 0, but only pure orientation polarization, i.e., χ(k) = χ ori (k), and the latter can be expected to be similar to χ ori (k) of the corresponding ionic fluid at short ranges. The applicability of this approach is not restricted to the RPM investigated here but it can be used for any ionic fluid model.
A brief description of the theoretical methods as well as the considered models is given in Sec. II. The results of actual calculations are discussed in Sec. III from which general conclusions on the dielectric properties of ionic fluids are drawn in Sec. IV.
II. MODELS AND METHODS

A. Restricted primitive and dumbbell model
The model used to represent the ionic fluid is the threedimensional restricted primitive model (RPM), i.e., a collection of N/2 positively and N/2 negatively charged hard spheres of equal diameter σ and equal absolute valencies |z + | = |z − | (see Fig. 1 at positions r i and r j , respectively, can be described as
with the vacuum Bjerrum length l B = βe 2 /(4πε 0 ), where e is the elemenatry charge, β = 1/(k B T ) denotes the inverse temperature, and ε 0 is the vacuum permittivity.
In this work, the dielectric properties of the RPM (see Fig. 1(a) ) are compared with those of a corresponding dipolar fluid model whose particles are composed of one cation and one anion of the RPM glued together (see Fig. 1(b) ). The particles within this dumbbell model (DM) possess three positional and two orientational degrees of freedom, in contrast to six translational degrees of freedom of a pair of ions within the RPM. Obviously, all configurations of N/2 dumbbells correspond to possible configurations of the RPM with N/2 positive and N/2 negative hard spheres, but not all configurations of the RPM can be realized within the DM. The interaction energy between two dumbbell particles is given by the sum of contributions Eq. (1) of the constituent charged hard spheres.
B. Dielectric properties
In this work the dielectric properties of ionic and dipolar fluids are studied by analyzing the linear response of the models introduced in the previous Subsec. II A in the presence of a weak static nonuniform external electric field. Within the linear response regime the dielectric properties are given by the dielectric function tensor ← → ε (k) or, equivalently, by the electric susceptibility tensor ← → χ (k) = ← → ε (k)−1. However, since electrostatic fields are purely longitudinal due to Faraday's law, the polarization field is also purely longitudinal in isotropic fluids. Therefore, only the longitudinal components (parallel to the wave vector k)
are of relevance here. It can be shown [22] that the longitudinal dielectric function ε(k) is related to the charge-charge structure factor
In the present work the averaging in Eq. (3) is obtained by means of grandcanonical Monte Carlo simulations of the RPM and the DM.
C. Grandcanonical Monte Carlo simulations
In order to determine the charge-charge structure factor S zz (k) in Eq. (3), grandcanonical Monte Carlo simulations with Metropolis sampling [23] [24] [25] were performed in a cubic box of side length V 1/3 = 10σ with periodic boundary conditions applying Ewald's method [24] [25] [26] . In a first step, quick simulation runs were used to determine the relation between the chemical potential and the mean density N/V for fixed temperature. For calculation of the charge-charge structure factor S zz (k) typically 10 6 − 10 7 relaxation and 10 7 − 10 8 evaluation steps were used. A Monte Carlo step involved a random selection of one of the following possible moves:
• translation of an ion (RPM) or of a dumbbell (DM) inside a small cube-like environment of size d 3 with probability P trans ,
• insertion of a cation and an anion (RPM) or of a dumbbell (DM) with probability (1 − P trans )/2, or
• removal of a cation and an anion (RPM) or of a dumbbell (DM) with probability (1 − P trans )/2.
Insertions and removals of charge-neutral entities guarantee global charge neutrality during the whole simulation. Values of P trans and d were chosen in the way that the resulting rate of acceptance of the trial states did not drop below 30%. The Monte Carlo code has been validated by comparison to results obtained using the molecular dynamics package ESPResSo [27, 28] .
III. RESULTS AND DISCUSSION
In the present work the RPM (Sec. II A) is considered as a representative ionic fluid. Its dielectric function ε(k) is determined by using Eq. (4) via calculating the charge-charge structure factor S zz (k), Eq. (see Subsec. II C). In the following discussion thermodynamic states are considered with the packing fractions η = πN σ 3 /(6V ) ∈ {0.08, 0.14, 0.23, 0.3} and the temperature T * = σ/l B = 1. These conditions correspond to the plasma parameters Γ = 2η 1/3 /T * ∈ {0.86, 1.04, 1.23, 1.34}, respectively. Since the temperature T * = 1 is well above the critical temperature T * c 0.1 of the RPM [29] , no influence of the vapor-liquid phase transition is expected to occur. Moreover, T * = 1 is also well above the temperature range T * 1/4, where significant Bjerrum ion-pairing is expected to occur [29] , which renders the RPM a dipolar fluid already in the gas phase. The high temperature T * = 1 used here allows one to study the crossover from plasma-like to dipolarfluid-like behavior.
Figures 2(a) and (b) display the charge-charge structure factors S zz (k) of the RPM ionic fluid (Sec. II A) and of the DM (Sec. II A), respectively. The calculation was performed several (5-10) times for each packing fraction separately, both for the RPM and the DM. This procedure allows one to calculate the mean value of S zz (k) as well as its standard deviation shown as error bars in Figs. 2(a) and (b) . It is apparent that S zz (k) of the ionic fluid is sensitive to density changes only for very low packing fractions η. The slightly more pronounced oscillations of S zz (k) within the DM (Fig. 2(b) ) as compared to those within the RPM (Fig. 2(a) ) are perhaps an artifact of the DM, within which two charged hard spheres are kept exactly at a distance σ, whereas the principal peak of the cation-anion pair distribution function within the RPM has a finite width [30] .
Using Eq. (4), Fig. 3 displays the inverse dielectric functions 1/ε(k) of the RPM and of the DM. The perfect screening condition [15, 22] implies 1/ε(k) → 0 for k → 0 for an ionic fluid due to the asymptotic behavior of the charge-charge structure factor [22] 
with the Debye length 1/κ being given by κ 2 = 4πl B N/V , which is shown in the insets of Figs. 3(c) and 3(d). Unfortunately, the error bars of the three leftmost data points for η = 0.23 ( Fig. 3(c) ) and of the four leftmost data points for η = 0.3 ( Fig. 3(d) ) in the plots of the inverse dielectric function 1/ε(k) of the RPM are too large to conclusively infer the functional form in the long range limit k → 0 at these packing fractions. However the error bars of the RPM data in the interesting range of medium and short separations, |k|σ 2π, and of the DM data are small. Since the DM can exhibit only orientation polarization, its dielectric function ε(k → 0) approaches a finite value of the "dielectric constant" ε(0), which increases upon increasing the packing fraction η (see Fig. 3 ).
In order to determine the dominant polarization mechanism in an ionic fluid the inverse dielectric functions 1/ε(k) of the RPM and of the DM in Fig. 3 are converted into the electric susceptibilities χ(k) = ε(k) − 1. Figure 4 shows that the electric susceptibility χ RPM (k) = χ RPM ori (k)+ χ RPM dis (k) of the RPM, which comprises a contribution χ RPM ori (k) due to orientation polarization and a contribution χ RPM dis (k) due to distortion polarization, almost coincides in the range |k|σ 2π with the electric susceptibility χ DM (k) = χ DM ori (k) of the DM, which, by construction, exhibits only orientation polarization with susceptibility χ DM ori (k). Since for sufficiently large packing fractions η it can be expected that the orientation susceptibility χ RPM ori (k) of the RPM is identical to the electric susceptibility χ DM ori (k) of the DM, i.e., χ RPM ori (k) = χ DM ori (k) for all wavenumbers k, one can infer the orientation and the distortion susceptibility of the RPM separately: RPM at sufficiently large wave numbers k, whereas distortion polarization is dominating at sufficiently small wave numbers k. The weak distortion polarization, i.e., χ II A) at temperature T * = 1 and packing fractions η ∈ {0.08, 0.14, 0.23, 0.3}. Whereas χ(k → 0) diverges for the ionic fluid due to the perfect screening of the external charges, the susceptibility of the dipolar fluid approaches a finite value χ(0) for small wavenumbers. At large wavenumbers |k|σ 2π the electric susceptibility χ(k) = χori(k) + χ dis (k) of the RPM almost coincides with that of the DM, which, by construction, possesses only orientation polarization whose electric susceptibility can be expected to be close to χori(k) of the RPM (see Sec. II A).
dominated and orientation-dominated polarization increases with packing fraction η. There is a certain interval of wavenumbers |k|σ ≈ 4 . . . 5 with χ RPM dis (k) < 0 (see Fig. 5 ), which indicates overscreening, which is caused by steric effects, i.e., by the hard ion cores, too. The distortion susceptibility of the RPM diverges for k → 0 according to χ RPM dis (k) ∼ 1/k 2 , which corresponds to the perfect screening property of plasmas [15, 22] . Hence, it has been shown here, that the RPM ionic fluid exhibits dielectric properties similar to a dipolar fluid at short range, whereas it behaves plasma-like at long range.
IV. CONCLUSIONS
The main observation of the previous Sec. III, that the RPM ionic fluids exhibits dielectric properties similar to a dipolar fluid at short range whereas it behaves plasma-like at long range, does not hinge on any peculiar property of the RPM and can hence be expected to be made for other ionic fluids, too. Moreover, our approach in Sec. III to decompose the electric susceptibility χ(k) = χ ori (k) + χ dis (k) into a contribution χ ori (k) due to orientation polarization and a contribution χ dis (k) due to distortion polarization by introducing a corresponding dipolar fluid made of cation-anion compounds ap-plies to the case of other ionic fluids, too. In general, the structure of the cation-anion compounds comprising the dipolar fluid corresponding to an ionic fluid can be conjectured on the basis of, e.g., the pair distribution function, which is routinely calculated for numerous ionic fluid models (see, e.g., Ref. [31, 32] ). Hence, the method described in Sec. III could be a useful tool to assess the bulk dielectric properties of general ionic fluid models.
The results of Sec. III are restricted to bulk ionic fluids and they cannot be applied quantitatively in the context of the discussion on the interpretation of AFM measurements in an RTIL environment [9] [10] [11] , which is related to confined ionic fluids. The reason for this restriction is that the static dielectric function for non-uniform systems is of the form ε(k, k ′ ) due to the absence of translational symmetry. However, the qualitative picture occurring in Sec. III suggests, that strongly confined ionic fluids tend to behave as dipolar fluids whereas they progressively exhibit plasma-like properties upon relaxing the confinement. This suggests that the recently debated interpretation of RTILs as dilute electrolyte solutions [9, 12] might not be simply a yes-no-question but it might depend on the considered length scale.
The finding in Sec. III, that the static dielectric properties of ionic fluids depend on the length scale, may be considered complementary to the observation that the quantification of the polarity of RTILs depends on the intrinsic time scale of the measurement [20] .
In summary, based on grandcanonical Monte Carlo simulations of the restricted primitive model and a corresponding dumbbell model, it has been argued that bulk ionic fluids at small length scales are expected to behave as dipolar fluids, for which orientation polarization dominates, whereas at large length scales plasma-like behavior occurs, for which distortion polarization dominates. In the style of Ref. [20] , one can conclude that the static dielectric properties of ionic fluids depend on the length scale on which they are looked at.
